Objective: To obtain information on the causes of age-related bone loss in men and the concomitant decline in calcium absorption. Design: Cross-sectional study. Setting: Adelaide, South Australia, Australia. Subjects: A total of 95 healthy, Caucasian men (age range 27-87 y). Results: Calcium absorption declined with age (r ¼ À0.46, Po0.0001), as did 24-h urine calcium, phosphate and creatinine (r4À0.21, Po0.05 for all); serum calcitriol and 25 hydroxyvitamin D did not change with age. Calcium absorption was related to serum calcitriol (r ¼ 0.20, P ¼ 0.05). An inverse relation between the residual deviations in calcium absorption, after allowing for its dependence on calcitriol, and age (F ¼ 5.4, Po0.005) was observed. The 24-h urinary calcium, phosphate and creatinine were all related to calcium absorption (r40.41, Po0.0001). Forearm bone density fell with age (r ¼ À0.45, Po0.0001) but was not related to calcium absorption, or markers of bone turnover. Conclusions: In healthy Caucasian males (i) calcium absorption falls, but serum calcitriol does not change with age, (ii) the relation between calcium absorption and serum calcitriol changes with age, indicative of an intestinal resistance to calcitriol and (iii) calcium absorption is a significant determinant of 24-h urinary calcium excretion.
Introduction
Concomitant with the age-related decline in bone density in men, there is a fall in intestinal calcium absorption efficiency (Bullamore et al, 1970; Gallagher et al, 1979; Francis et al, 1989; Agnusdei et al, 1998) . The latter accounts for some 50 % of the variance of calcium balance in postmenopausal women (Nordin & Morris, 1992) .
The determinants of the age-related decrease in calcium absorption are poorly defined, and the limited available data relate primarily to women, nor is it known whether this reduction is of aetiological importance in the decline of bone density. Calcium absorption is regulated primarily by 1,25-dihydroxyvitamin D (calcitriol, 1,25D), the active form of vitamin D (Morris et al, 1991) . The outcomes of crosssectional studies of the effect on age of circulating levels of 1,25D are inconsistent. In women, there are reports that suggest that serum calcitriol increases (Eastell et al, 1991; Ebeling et al, 1992) , falls (Gallagher et al, 1979) or does not change (Sherman et al, 1990) with age. Similarly, in men some studies have reported a fall with age (Gallagher et al, 1979; Agnusdei et al, 1998) , while in others no change was apparent (Orwoll & Meier, 1986; Sherman et al, 1990; Wishart et al, 1995) . In women, there is evidence that the age-related decline in calcium absorption efficiency may reflect a decrease in intestinal responsiveness to serum calcitriol (Eastell et al, 1991 , Ebeling et al, 1992 as well as a reduction in serum calcitriol (Gallagher et al, 1979; Agnusdei et al, 1998) . The effect of age on the relation between calcium absorption and serum calcitriol in men has hitherto not been evaluated.
The relation between biochemical markers of bone turnover and calcium absorption in men is also unclear. Francis et al (1989) and Agnusdei et al (1998) , while reporting a fall in absorption with age in normal men, found no significant relation between this and biochemical markers of either bone formation or resorption. On the other hand, in men with osteoporosis, we have reported an inverse association between bone resorption and calcium absorption .
We have now evaluated the determinants of intestinal calcium absorption and the relations between both bone density and biochemical markers of bone resorption and calcium absorption in a cohort of normal adult men.
Subjects and methods
The series comprises 95 healthy Caucasian men recruited from hospital and laboratory staff and their relatives, and healthy husbands of female patients. The study was approved by the Human Ethics Committee of the Royal Adelaide Hospital. The subjects were of median age 55 y (range 27-87) and median body weight 80 kg (range 62-122); they were recruited from our cross-sectional study of agerelated bone loss in men (Wishart et al, 1995) . All had serum testosterone levels within the normal range (10-25 nm/l) when initially studied some 4 years earlier. None had Paget's disease or hyperparathyroidism or was taking medication known to affect bone metabolism. Dietary calcium, alcohol and tobacco consumption were evaluated by questionnaire (Angus & Eisman, 1988) .
Subjects attended the hospital after an overnight fast of 12 h. A blood sample was taken on arrival, and then a standard dose of 0.2 Mbq (5 mCi) of radiocalcium ( 45 Ca) was given in 250 ml of distilled water, with 20 mg of calcium carrier as the chloride. A further blood sample was taken exactly 1 h later and radiocalcium absorption calculated, using a calibration curve, from the plasma radioactivity . Calcium absorption was expressed as an hourly fractional absorption rate (a, fx/h). We have taken a value of a greater than 0.56 fx/h to be normal (Need et al, 1987) . Serum was analysed for calcitriol by HPLC followed by radioimmunoassay (Taylor et al, 1980 ) (normal range 50-160 pmol/l) and 25 hydroxyvitamin D (25(OH)D) by a protein binding assay (Edelstein et al, 1974) . A 24-h urine collection was provided by each subject (collected within the week prior to, or following, their hospital visit) and analysed for calcium, phosphate, sodium and creatinine. Urine deoxypyridinoline (DPD) and pyridinoline (PYD) were measured by HPLC (Kamel et al, 1992) . Forearm fat-corrected bone mineral content (fcFMC) was measured by single-photon absorptiometry on the Molsgaard bone mineral analyser (CV 1%). The fat-corrected bone mass in mg/cm was divided by the calculated bone area to give bone mineral density (fcFMD) in mg/cm 3 (Nordin et al, 1986) . In each subject, the Z-score (number of SD units from the age-corrected mean bone density of normals) was calculated for each subject.
Data were analysed using simple and multiple linear regression. One-way analysis of variance was used to examine the relation between variables and age following stratification of subjects into decades by age. As calcium absorption was significantly related to serum calcitriol levels, the residuals of the regression of absorption on calcitriol were calculated to examine other factors affecting calcium absorption (Morris et al, 1991) . A P-value of 0.05 was considered significant.
Results
Demographic and biochemical variables and bone mineral density values are given in Table 1 . Mean calcium absorption was 0.69 (range 0.25-1.4 fx/h). Serum 25(OH)D was normal in all cases (ie440 nmol/l, the lower limit of the reference range). A total of 64% of the subjects were nonsmokers. Mean forearm BMD was 0.491 g/cm 3 (range 0.301-0.621).
The correlations between the measured variables are shown in Table 2 . Calcium absorption declined with increasing age; this fall was evident from age 40 y (r ¼ À0.46, Po0.0001), as shown in Figure 1 . The 24-h urinary calcium (r ¼ À0.21, Po0.05), phosphate (r ¼ À0.30, Po0.005), sodium (r ¼ À0.24, Po0.05) and creatinine (r ¼ À0.57, Po0.0001) also declined with age. Serum calcitriol (r ¼ À0.15, NS), 25(OH)D (r ¼ 0.13, NS), 24-h DPD (r ¼ À0.13, NS) and PYD (r ¼ À0.04, NS) were not related to age. Serum calcitriol was positively related to serum 25(OH)D (r ¼ 0.39, Po0.0001). Calcium absorption was not related to BMI (r ¼ 0.12, NS) or dietary calcium (r ¼ 0.06, NS). There was a positive relation between calcium absorption and calcitriol (r ¼ 0.20, P ¼ 0.05). When the residual deviations in calcium absorption, after allowing for its dependence on calcitriol, were plotted against age, expressed as 10-y intervals (Figure 2 ), an inverse relation was evident (F ¼ 5.4, Po0.005). There was no relation between calcium absorption and either 25(OH)D (r ¼ À0.05, NS) or 24-h urinary sodium excretion (r ¼ 0.08, NS). The 24-h urinary calcium, phosphate and creatinine (r40.41, Po0.0001 for all) were related to calcium absorption, and these relations remained significant after correcting for age (r ¼ 0.36, Po0.005 for urinary calcium). DPD and PYD were not related to calcium absorption. The 24-h urinary calcium was not related to dietary calcium intake (r ¼ 0.04, NS). The relation between 24-h calcium excretion and calcium absorption is shown in Figure 3 . The proportion of subjects with 'normal' calcium absorption, that is, above 0.56 fx/h (Need et al, 1987) , when 24-h urinary calcium was above 4 mmol/day was 82%. When 24-h calcium excretion was regressed on age and calcium absorption simultaneously, only calcium absorption remained significant (Table 3) . There was no significant difference in mean calcium absorption between the smokers and nonsmokers.
Forearm BMD fell with age (r ¼ À0.45, Po0.0001). There was no relation between BMD and either calcium absorption, serum calcitriol or 25(OH)D, or any of the 24-h urinary markers, after adjusting for age.
Discussion
The new findings in this study are that in normal men (i) while age per se has no effect of serum calcitriol, the relation between calcium absorption and serum calcitriol changes Relation between calcium absorption and serum calcitriol F Scopacasa et al with age, consistent with the concept of intestinal resistance to calcitriol; (ii) 24-h urinary calcium excretion is related to calcium absorption; and (iii) the fall in 24-h calcium excretion with age is accounted for by the decline in calcium absorption. Thus, in healthy Caucasian men, the falls in calcium absorption efficiency and 24-h urinary calcium with age do not appear to be related to a fall in serum calcitriol. The demonstrated fall in intestinal calcium absorption with age is consistent with previous reports in normal men in which calcium absorption was measured using either single (Bullamore et al, 1970; Francis et al, 1989; Agnusdei et al, 1998) , dual (Gallagher et al, 1979) isotope or strontium (Fatayerji et al, 2000) techniques. Our method uses a single isotope and a blood sample taken 1 h after the calcium dose, and, at this dose, measures active calcium transport. Its simplicity makes it suitable for clinical use . The fall in calcium absorption was evident by the fourth decade, earlier than that reported by Agnusdei et al (1998) and Francis et al (1989) , who noted a fall after 60 y of age in normal men. Serum calcitriol levels did not change with age in these subjects, in contrast to observations of Gallagher et al (1979) , who reported that serum calcitriol levels were lower in elderly subjects when compared with young normals, and Agnusdei et al (1998) , who reported a significant fall in serum calcitriol levels from the age of 40 y. Our subjects were all ambulant Caucasians, living in Adelaide, latitude 351S, where there is substantial sunlight. Hence, the observation that most had 25(OH)D levels within the reference range is not surprising. The absence of any change in 1,25D with age in our cohort may, accordingly, be a result of sufficient levels of substrate 25(OH)D, which is a determinant of serum calcitriol (Need et al, 2000) , as suggested by Sherman et al (1990) , who also observed no change in calcitriol with age in healthy men.
Although serum calcitriol levels remained stable, calcium absorption efficiency decreased with age and there was a positive relation between calcium absorption and serum calcitriol, suggesting gut responsiveness to calcitriol as part of the aging process. The latter can be quantitated by deriving the residuals from the regression of calcium absorption and serum calcitriol. The inverse relation between the residuals from the regression and age is consistent with the concept of an age-related decrease in intestinal response to calcitriol (Eastell et al, 1991) , beginning in the third decade. Studies in normal women have provided evidence for a decrease in intestinal responsiveness to calcitriol with age (Eastell et al, 1991; Ebeling et al, 1992) , which may be attributable to a decrease in intestinal vitamin D receptor concentrations (Ebeling et al, 1992) .
The expected inverse relation between calcium absorption efficiency and dietary calcium intake was not observed in this study. Such a relation has been reported in studies of both men (Gallagher et al, 1979; Agnusdei et al, 1998) and women (Heaney et al, 1989; Devine et al, 1993 , Eastell et al, 1991 . Mean calcium intake in our subjects was adequate, in that it was consistent with that recommended by the National Health and Medical Research Council (1991). Our simplified recording of calcium intake (Angus & Eisman, 1988) , as opposed to the more detailed assessment of calcium intake in other studies (eg 4-day diet diaries) may, however, account for the absence of a significant correlation.
The relation between 24-h urine calcium excretion and calcium absorption evident in normal men has been noted previously in women (Devine et al, 1993) . Multiple linear regression analysis indicated that the observed fall in 24-h calcium with age in men reflects the reduction in calcium absorption rather than age per se. The observed relation suggests that calcium absorption efficiency is a significant determinant of the amount of calcium absorbed and that calcium which is surplus to the body's requirements is excreted. Inspection of Figure 3 suggests that a 24-h urine calcium excretion of 4 mmol/day or greater is indicative of adequate calcium absorption (0.56 fx/h (Need et al, 1984) ) in over 80% of cases. Phosphorus absorption is known to be dependent on calcium absorption, accounting for the positive relation between 24-h phosphate and calcium absorption (Wilkinson, 1976) . The significant relation between calcium absorption and 24-h urine creatinine is likely to reflect age-related changes in both measurements. Relation between calcium absorption and serum calcitriol F Scopacasa et al
In contrast to the age-related increase in markers of bone resorption evident in women following the menopause (Nordin & Polley, 1987) , markers of bone resorption were not related to age in this cohort. This is consistent with previous studies in normal men where bone resorption markers have decreased, or remained constant, with age (Francis et al, 1989; Resch et al, 1994; Wishart et al, 1995; Yoshimura et al, 1999; Fatayerji & Eastell, 1999) , although others have shown a moderate increase around 50-60 y of age (Khosla et al, 1998; Szulc et al, 2001) . Histological studies by Clarke et al (1996) have also found no change in resorption indices with age, or in osteoclast surface, suggesting that osteoclast function is not increased in normal aging men.
There was no apparent relation between the biochemical markers of bone resorption and calcium absorption in this study. This is in contrast to our previous study in men with spinal osteoporosis where we found an inverse relation between bone resorption and calcium absorption , and a similar relation in osteoporotic women (Morris et al, 1991) . This may potentially reflect the fact that mean values for calcium absorption were substantially less in these groups (Morris et al, 1991; Need et al, 1998) .
There was no relation between forearm bone density and calcium absorption in this cohort, although both fell with age. This is consistent with observations made by Agnusdei et al (1998) , who found no relation between vertebral or radial bone density with calcium absorption in normal men; Devine et al (1993) found no relation between vertebral bone density with calcium absorption in postmenopausal women. However, a longitudinal study of older men (58-91 y of age) by Wolf et al (1999) showed a trend for lower rates of bone loss at the hip to be associated with higher calcium absorption. Impaired calcium absorption has also been linked with low bone density in osteoporotic women (Nordin et al, 1985) . This suggests that there may be a threshold for calcium absorption below which bone loss is accelerated; such a threshold does not seem to have been reached in this study.
Our study has several potential limitations which should be recognised. The cohort studies consisted of healthy Caucasian men and may, therefore, not be representative of the general population, or applicable to Caucasian men living in some regions of Europe or North America where there is little sun exposure. We measured bone density at the forearm only, which consists mainly of cortical bone. As there is some evidence that trabecular bone loss may decline at a different rate to cortical loss (Orwoll & Meier, 1986) , studies including measurements of bone density at sites such as the hip and spine would be of interest. Lifestyle factors that were not evaluated, including exercise, may affect bone turnover and bone density. The study was cross-sectional in design. A longitudinal study in this group would be useful to establish if a similar relation exists between the change in bone density at the forearm and calcium absorption, and whether this relation is evident in younger men, particularly as Wolf et al (1999) have reported that a slower rate of bone loss is associated with higher calcium absorption in older men (58-91 y). Only a small number of our subjects were older than 80 y of age; as there is evidence that bone loss is accelerated in older men (Davis et al, 1991; Jones et al, 1994; Scopacasa et al, 2001) , further studies are indicated.
In conclusion, this study has confirmed that calcium absorption falls with age in normal men and indicates that calcium absorption is a major determinant of urinary calcium excretion. The fall in calcium absorption is attributable to an intestinal 'resistance' to, rather than a decrease in, calcitriol.
